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@ Coupling of optical devices to optical fibers by means of mlcrolenses. 

® This Invention is concerned with coupling optical energy efficiently by means of a microlens at an end of an 
optical fiber, the microlens being capable of improved coupling efficiency exceeding 55 percent (-2.5dB), with 
coupling efficiencies of about 90 percent or more (less than 0.45dB and as low as 0.22dB loss) for uncoated 
lenses and of 95 percent or more for antireflection coated lenses being obtainable. An optimal microlens shape 
Is substantially a hyperboloid of revolution having a relatively short focal length, f. e.g., for a mode radius of the 
optical device c«, = lMm and a mode radius of the optical fiber a„=5fLm. f«12;im. The microlens having the 
substantially hyperboloid of revolution shape may be produced by laser micromachlning technique. The optical 
fiber with the novel microlens at its end may be used in optical communication packages comprising the fiber 
and an optical device. The latter may be selected fram semiconductor lasers and amplifiers, fiber amplifiers, 
pump sources for fiber amplifiers, and may include light receiving devices such as photodetectors. 
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COUPUNQ OF OPTICAL DEVICES TO OPTICAL HBERS BY MEANS OF MICROLENSES 



Technical Held 

This invention is concerned with the coupling of optical fibers with optical devices by means of 
microlenses. 

5 ^ 

Background of the Invention 

The wide-spread use of low-ioss and low-dispersion single-mode optical fibers in the 0.8 - 1.6 fim 
wavelength region demands an efficient means of coupling power between optical fibers and optical 

70 devices, especially tietween a semiconductor laser or amplifier and the optical fiber. For example, an 
increase in the coupling efficiency and. thus, a decrease in the coupling loss between the laser and the 
fiber, permits increase in the repeater spacing In long-haul and submarine transmission systems. However, 
efficient coupling of semiconductor lasers to optical fiber has been a problem of general concern since the 
advent of opticaj fiber communications. Since the laser light power that can be launched into a single mode 

75 fiber suffers a loss of 7-1 1 dB via butt-joint coupling, coupling efficiency is universally improved either by 
the use of a rhicrolens on the end of the fiber to match the modes of the laser and optical fiber or by bulk 
optics or by a combination of microlenses and bulk optics. Microlenses are more commonly used because 
of their ease of fabrication and packaging. 

For communication, microlenses are very often used as parts of a communication package comprising 

20 an optical fiber and an optical device, such as a semiconductor laser at amplifier, optical fiber amplifier, 
optical fiber amplifier, or a pump for a fiber amplifier. The optica! communication package may take many 
configurations and embodiments. One of these is shown in an article by G-D. Khoe et al. "Laser Monomode 
- Rber Coupling" and Encapsulation in a Modified To-5 Package", Journal of Lightwave Technology, Vol. 
LT-3. No. 6, December 1985 pp. 1315-1320. Another example is disclosed in an article by J.-l Minowa et 

25 al., "Optical Componentry Utilized in Field Trial of Single Mode Rber Long-Haul Transmission, IEEE Journal 
of Quantum Vol. QE-18. No, 4, April, 1982, pp. 705-717. 

Microlenses are typically fabricated by tapering the fiber down to a point and melting the end. The 
tapering may be effected either by etching an end portion of the fiber in acid or by heating a section of the 
fiber and pulling-apart the heated section. The heating may be executed with a flame, an electric arc or a 

30 laser. The resultant microlenses are hemispherical in shape and. unfortunately, consistently demonstrate 
imperfect coupling, collecting typically less than 50 percent (-3 dB), and at best 55 percent (-2.5 dB) of the 
available laser radiation. The remainder of the light from the laser is lost 

U.S. Application Serial No. 07/333,230, filed April 5,1989 (Presby, H. M., Case 39), which is Incor- 
porated herein by reference, discloses a novel, laser-machining technique for producing arbitrarily shaped 

35 microlenses at the end of an optical fiber. While the production of microlenses by this technique is 
simplified and expedited, relative to the production of such microlenses by tapering technique, these 
microlenses still exhibit a relatively high coupling loss (e.g. 1.5-4.5dB, see FIG. 5 of the patent application). 

W. Bludau and R. H. Rossberg, in "Low-Loss Laser-to- Fiber Coupling with Negligible Optical Feed- 
back", Journal of Lightwave Technology, vol. LT-3. No. 2, April 1985. pp. 294-302, describe an attempt to 

40 improve the laser-to-fiber coupling efficiency with simultaneous reduction in optical power feedback by 
changing the shape of the microlens from a hemispherical to aspherical (hyperbolic) form. The microlens 
was produced by a cumbersome multistep process that includes splicing a short length (about 1 mm) of a 
large diameter silica rod (d = 240 (ixn) to a monomode fiber (core diameter typically 10 um), heating the free 
end of the silica rod to produce a hemispherical lens with a diameter (d = 355 iim) larger than the original 

45 diameter of the silica rod, tipping the center of the hemisphere with a droplet of pure quartz, and remelting 
the lens so that the droplet merges into the lens body with resulting lens shape approximating an aspherical 
lens shape. However, while this design led to the reduction in optical feedback, the improvement in coupling 
efficiency was not sufficiently advantageous, with coupling efficiency amounting to ^ 40 percent, with the 
best value being only 70 percent. Therefore, it is still desirable to increase the coupling efficiency between 

60 an optical device and an optical fiber above and beyond tiie prior art results. Also, the microlenses should 
be reproducibly fabricated in a simple and expeditious way. 

Summary of th_ invent! n 

This Invention is concerned witii coupling optical energy efficientiy between an optical device and an 



2 



EP 0 430 532 A2 



optical fiber by means of a microlens at an end of an optical fiber, with an optical communication package 
comprising an optical device, an optica! fiber and a microlens at the end of the optical fiber facing the 
optical device, and with the production of a microlens capable of improved coupling efficiency exceeding 55 
percent (-2.5dB). Coupling efficiencies exceeding 70 percent, such as of 90 percent or more (less than 0.45 

5 dB loss) for uncoated lenses and of 95 percent or more for anti-reflection coated lenses, are obtainable. 

Universally used hemispherical microlenses typically show poor coupling perfomiance. The present 
inventors have recognized that the poor coupling performance results from a combination of several loss- 
contributing factors including losses resulting from fiber truncation, mode-mismatch, spherical abenration, 
and Fresnel reflections. After realizing that the first three of these losses were due primarily to the 

10 hemispherical shape of the microlens, they have designed a microlens shape for optimal collection of 
radiation emanating from an optical device, such as a laser. The optimal microlens shape is substantially a 
hyperboloid of revolution having a relatively short focal length, f, which is described by tiie following 
expression: * 
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wherein z is a lens axial coordinate, n, and na are each the index of refraction of the material of ttie lens and 
25 of the medium surrounding the lens, respectively, p is the axial coordinate, and f is tiie focal distance of the 
lens and is defined by the following expression: 



30 



wherein <do is a mode radius of the optical device, <o^ is a mode radius of tiie optical fiber and X is the 

35 wavelength of Illumination emanating from the optical device. Typical values of <do and o>i yield a small focal 
length, e.g. «o = 1/im and «i)i=5^im yield f = 12 ftm. This microlens exhibits a very low coupling loss 
resulting in coupling efficiency exceeding 55 percent, preferably exceeding 70 percent, with 90 percent or 
more being most preferable. The loss is primarily due to reflections, which, for an ideal laser having 
symmetric Gaussian modes in x and y directions, is typically 0.22 dB for a laser mode radius <ao~1;im, 

40 fiber mode radius «i =5pm and operating wavelength X = 1.3 /im. By providing an anti-reflection coating on 
tfie microlens. it is possible, theoretically, to collect nearly 100 percent of tiie emitted energy. 

The ability to capture in an optical fiber almost all of the light from a semiconductor laser has been only 
a fond hope until now. The use of hyperbolic microlenses designed in accordance with tiie present 
Invention, can lead to considerable system improvement in nearly all communications systems. This not 

45 only applies when coupling optical fibers to semiconductor lasers but also to semiconductor amplifiers, fiber 
amplifiers and to pump sources for fiber amplifiers. A corresponding improvement in coupling efficiency 
when coupling light from an optical fiber with this microlens into a receiving device, such as a photodetector 
is also expected. The implications for improved system performance using the optimum microlens shape 
are varied and far-reaching,, covering almost every area where fibers .are coupled to optical devices, 

50 including lasers or amplifiers. 

The hyperbolic microlens design is far superior for coupling to optical devices, such as typical 
semiconductor lasers, than are hemispherical microlenses, by as much as several dB. However, formation 
of a hyperbolic shape is non-trivial even in macroscopic optical components. Microscopic lenses such as 
these must have sub-micron precision In order to fully realize the coupling enhancement. 

55 A recently developed technique for fabricating microlenses on an end of an optical fiber by laser 
micromachining described in U.S. Patent Application Serial No, 07/333,230, filed April 5, 1989 (H. M. 
Presby, Case 39), which is incorporated herein by reference, may be utilized to fabricate these hyperboli- 
cally shaped microlenses. This technique offers sufficient control for an efficient formation of the microlen- 
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ses according to the present invention. In this process a fiber spinning about its longitudinal axis is moved 
into and about a narrowly focused laser beam wliich ablates the silica fiber much like a machinists tool 
removes material from a metal rod. 

5 Brief Description of the Drawing 

The invention will be better understood after reading the following detailed description in conjunction 
with the drawings, wherein 

Rgure 1 Discloses a schematic representation of an optical fiber with a laser micromachlned, 
10 hyperbolic microlens. 

Figure 2 Discloses a schematic cross-sectional representation of a typical optical communication 
package including a laser and an optical fiber with a microlens at an end portion facing 
the laser. 

Rgure 3 Discloses a schematic representation of an exemplary Ideal, hyperbolic microlens de- 
'5 signed to match the mode of a laser. Two off-axial rays are shown converging beyond the 

intersection of the asymptotes with no displacement due to abandon. In the illustrative 
example relevant parameters are: laser mode radius oio = 1 /*m, optical fiber mode radius 
6Ji' = 5 /tm, and X = 1 .3 /rm. 
Rgure 4 Discloses total coupling efficiency of a laser to its matching hiyperbolic microlens as a 
20 function of laser mode radius, <»o. for a fiber mode radius «i = 5 ftm, and X = 1.3 /im. 

Rgure 5 Discloses laser machining apparatus utilized In producing the microlenses on the end of 
an optical fiber. 

Rgure 6 Discloses an enlarged view of a portion of the apparatus shown in FIG. 5. 
Rgure 7 Discloses coupling of two Gaussian modes with mode radii, «i and <a2, and phase fronts 
25 with radii of curvature, Ri and Ra. respectively. 

Rgure 8 Discloses a laser-to-mlcrolens coupling scheme. As light propagates from the facet of the 
semiconductor laser, the laser mode expands from its minimum radius ©o to a larger 
value. «2. The fiber has a mode radius «!. 
Rgure 9 Discloses a schematic view of a truncated optical fiber with a hemispherical microlens at 
30 the end of the truncated fiber. Approximate radius of curvature of the microlens Is 1 0 /im. 

Rgure 10 Discloses an idealization of a hemispherical microlens. 

Rgure 11 Discloses coupling efficiency of a laser to a hemispherical microlens as a function of lens 
radius, Rl, for four sources of loss: Rber Truncation, Mode-Mismatch. Spherical Aberra- 
tion, and Fresnel Reflections. Relevant exemplary parameters: laser mode radius <ao = 1 
35 ;im, fiber mode radius at - 5 /lin, and X = 1.3 /im. 

Rgure 12 Discloses a general hemispherical lens configuration for calculation of spherical aben-ation. 

Rgure 13 Discloses total coupling efficiency of a laser to hemispherical microlenses as a function of 
lens radius, Rl, for various laser mode radii too, fiber mode radius ui = 5 fim, and X = 1.3 
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List of Symbols 



The symbols utilized herein are defined below. 

<a - g amplitude radius of the field (mode radius) 

45 o>o - minimum mode radius of the laser 

oil - mode radius of the fiber 

«2 - expanding mode radius of the laser 

X - wavelength illumination from the laser 

f - lens focal distance 

50 d - distance from laser front facet to tens - 

Rl - lens radius of curvature 

Rl - radius of curvature of converging wavefront propagating from a fiber into the sunrounding 
medium 

R2 - radius of curvature of the diverging laser wavefront 

55 Rm - lens radius with maximum toss due to spherical abenation 

z - lens axial coordinate 

p - lens radial coordinate 

7^ - coupling coefficient between 2 modes 
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wavefunction of field within fiber 




wavefunction of fieki emanating from laser 


ni - 


refractive index of lens material 


nz - 


refractive index of medium sun'ounding the lens (e.g., air) 


Oi- 


angle of incidence 


0,. 


angle of transmission 


Bf 


angle of reflection 




acceptance cone of hyperbolic lens (half angle) 



70 Detailed Description 

This invention is concerned with coupling optical energy efficiently between an optical device and an 
optical fiber. This is accomplished by providing a microlens at the end of the optical fiber, which is capable 
of high coupling efficiency exceeding 55 percent, preferably exceeding 70 percent, most preferably on the 
. 75 order of about 90 percent 

The optimal microlens shape, derived after considering various limitations affecting the coupling 
efficiency of a hemispherical microlens and using ray tracing techniques, as shall be described below, Is 
substantially a hyperboloid of revolution. These lenses demonstrate near optimal performance when 
coupling to lightwave sources. The non-coated microlens suffers primarily from reflection loss. Calculations 
20 show that non-coated aspheric lenses, limited solely by reflections, theoretically, suffer only about 0.22 dB 
loss when coupling to a typical laser having symmetric Gaussian modes in x and y directions. Coupling 
efficiency for a modal-symmetric semiconductor laser source and an anti-reflection coated microlens Is 
expected to' be 95 percent or greater. 

FIG. 1 discloses a schematic representation of an exemplary microlens 1 formed at an end portion of an 
25 optical fiber 2 comprising a core 3 and a cladding 4. In the illustrative embodiment, the optical fiber is a 
typical single mode optical fiber having a 5 fim silica-based core 3 and a 125 /im outer diameter cladding 4. 
The microlens lies witiiin tfie boundries of tiie optical fiber and is coextensive with the core and at least 
some of the cladding. 

FIG. 2 discloses a schematic representation of a cross-sectional view of an illustrative laser-lens-optical 
30 fiber package useful In optical communication. A length of an optical fiber 2 witii a microlens 1 at one end 
thereof is secured In a fenrule 5 and assembled in aligned relation with a laser 6 witiiin a housing 7. A pigtail 
portion 8 of the fiber projecting from tiie housing may alone or with other pigtails be connected via a 
suitable connector (not shown) to a long haul optical fiber. 

A schematic representation of a profile of an exemplary ideal hyperbolic microlens, produced in 
35 accordance witii tiie present invention, is shown in FIG. 3. In the Illustrative example, the lens shape that 
transforms a diverging spherical wave travelling from a laser into a plane wave is derived taking into 
consideration certain factors contributing to coupling losses in a hemispherical lens. The use of such a 
microlens for coupling an optical fiber to a laser results in excellent coupling efficiency as disclosed in FIG. 
4. Therein is plotted the coupling efficiency between a laser and a matching hyperbolic microlens as a 
40 function of laser beam waist oo. wherein <ao is the mode radius of the laser (the curve is based on fiber 
mode radius ctti =5f£m and X = 1.3;im). 

The microlens is described by the following expression: 
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Typical values of <do and «i yield a small focal length, e.g. «o = lfim, «i =5pm and X = 1.3/im yield f « 12 
ftm. Different wo, «i and X values lead to different focal lengths. The microlens is formed directly on and 
monolithlcally with an end portion of an optical fiber. Preferably, the microlens is fomned by laser 
mlcromachlning utilizing a recently developed microlens fabricating technique disclosed in a copending U.S. 
Application Serial. No. 07/333.230. filed in the name of H, M. Presby on April 5,1989. (H. M. Presby. Case 
39) which is incorporated herein by reference. For illustration purposes. RGs. 1 and 2 of that application are 
reproduced herein as FIGs. 5 and 6. 

RGs. 5 and 6 disclose an exemplary embodiment of an apparatus 10 for fabricating microlens 1 at the 
end of a single-mode optical fiber 11. To produce the microlens. a desired length of the fiber, stripped of 
insulation, is inserted into a bore in a holder 13, so that a portion of the fiber protrudes from the holder. The 
holder is fixed on a micropositioner 12 controlled either manually or via controller 15. The microlens is 
shaped by means of a narrow, pulsed laser beam 20 provided by a laser 19. such as a CO2 or an excimer 
laser, having focusing means 16,18 for focusing laser beam 20 onto the protruding end portion of the fiber 
rotating about its longitudinal axis. The laser beam engages the end portion of the fiber at an acute angle e 
to the longitudinal axis of the fiber wherein 0*<0<90*. The laser micromachining is conducted by ablating 
in a preselected manner tiny portions of the fiber to produce a hyperbolically shaped microlens 1 at the end 
of the fiber. The micromachining removes only sufficient material to form the microlens while keeping the 
fiber truncation at a minimum. Control of the shape may be effected by an operator, e.g. by superimposing 
in a known manner an outline of a profile of the end of the fiber being shaped onto a templet profile of a 
desired lens shape on a screen, 22, such as the screen of a monitor 23. and laser micromachining the fiber 
so that the profile of the end portion corresponds with the templet profile on the screen. An example of a 
monitoring implement, including a long-range microscope coupled to a video camera and a monitor, is 
disclosed in U.S. Patent 4,710.605 issued on December 1, 1987 to. Herman M. Presby, which is 
incorporated herein by reference. Altematively, the lens shaping may be controlled by a computer program 
developed for obtaining a desired profile of the microlens. 

A lens profile of a hyperbolic microlens fabricated under computer control by the laser micromachining 
technique, is as shown in RG. 1. Microlens 1 approximates well a hyperbola at least about the core region 
of the fiber where the coupling occurs and may extend at least partially to the cladding region of the fiber. 
Numerous microlenses produced by the laser machining technique with a shape according to this invention 
have been evaluated by measuring optical power coupled into the fiber from different carefully calibrated 
semiconductor lasers. These lenses demonstrate near optimal perfomiance when coupling to lightwave 
sources. Typically, uncoated lenses fabricated by the laser machining technique without feedback control, 
achieve less than 0.5 dB loss. With a more precise control over the laser machining, production of uncoated 
lenses with actual loss value matching the calculated coupling loss value of 0.22dB on a reproducible basis 
is possible. Thus, reproducible fabrication of lenses with coupling efficiency of 90 percent, and greater, is 
feasible. 

In the process of detennining an optimum microlens shape, various loss-contributing factors of the 
universally used hemispherical microlenses were examined and coupling efficiency as a function of lens 
radius was calculated for a variety of laser parameters. The resulting analysis reveals that maximum 
coupling efficiency for typical systems with hemispherical microlenses Is limited to about 56 percent (-2.5 
dS). well in agreement with results reported by G. Wence and Y, Thu entitled "Comparison of Efficiency 
and Feedback Characteristics of Techniques for Coupling Semiconductor Lasers to Single-Mode Rber". 
Applied Optics. Vol. 22. No. 23, 1 December, 1983. pp. 3837-3844. 

The present inventors have recognized that poor coupling efficiency results from a combination of 
several possible loss-contributing factors including losses resulting from fiber truncation (FT), mode- 
mismatch (M). spherical aberration (A) and Fresnel reflections (R) and that, by eliminating these factors, a 
near-perfect light power coupling is possible. Hereinbelow are considered these possible sources of loss 
when coupling a laser to a hemispherical microlens. and their effects on coupling efficiency are quantita- 
tively assessed. The 1/e amplitude radius of the field is referred to as the mode radius, «. with ^lo and «i 
describing the laser and fiber mode radii, respectively. Typical illustrative system parameters used in this 
analysis are wo = 1-0 ^im, 01 = 5.0 /im, and X = 1.3 nm. In the following analysis are assumed ideal, 
circularly symmetric, Gaussian field distributions for both the laser source and the fiber. To extend this 
analysis to non-symmetric distributions, one may simply add the loss due to any x-y mode anisotropy. In 
general, this additional loss is small; for example, a mode ratio <ajc^ = 0.8 results in a coupling loss of 
about 0.2 dB. 

Coupling Efficiency 
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Before proceeding with an analysis of the Individual losses. It Is desirable to define coupling efficiency 
for two Gaussian modes. As shown in FIG. 7, o> i represents mode radius of one Gaussian mode and <a 2 
represents mode radius of another. The coupled power from one mode to the other is given by 

r Vi(P) ^pdp- J" V2(P) ^pdp 



10 



15 



where 



V,=e-P''«»fandv2=e-P''< 



are the coupled wave functions, and p = Vx^ + y^is the radial coordinate. The phase factor. e'^"^\ accounts 
for the phase mismatch between coupled nodes. See H. Kogeinik. "Coupling and Conversion Coefficients 
for Optical Ixodes", in Proceeding of the Symposium on Quasi-Optics, Polytechnic Press. Brooklyn, New 
York, 1964, pp. 333-347. 

20 In a laser to fiber coupling arrangement, Eq. 3 Is not immediately solvable. In this arrangement, <o 1 
represents the mode radius of the fiber; w 0 is the mode radius of the laser and « 2 is the mode radius of 
the expanding laser beam. As will become evident, the coupling dramatically depends on the shape and 
dimensions of the mlcrolens. 

The laser-to-fiber coupling scheme is depicted in FIG. 8. Here, a lens 81 at the end of a tapered fiber, 
25 82, Is separated a distance d from a laser. 85, having a mode radius ca 0. As light propagates from the front. ^ 
facet of the laser, the mode7adius <i> 0 expands to a value <a 2, and its phase front becomes spherical, with a' 
. radius of curvature, R2. These two parameters are related by 



1 + 



XR2J 



(4) 



35 wherein X is an operating wavelength and R2 is the radius of the phase front of the propagating light See H. 
Kogeinik and T. Li^ "Laser Beams and Resonators". Applied Optics, 5(1966), pp. 1550-1567. If one now 
imagines light traveling In the opposite direction, It Is seen that a plane wave propagating within the fiber is 
transfonmed by lens 81 into a spherically converging wave. Ignoring aberrations, this wave has its own* 
phase front that is also spherical with a radius of curvature, Ri. For a spherical lens. Ri is given classically 

40 by the thin lens equation: 



45 



R.=f=^. (5) 



wherein Rl is the radius of the lens and n is the refractive index of the lens. See M. Born and E. Wolf, 
Principles of Optics. 6^^- Ed., Pergamon Press, Oxford, 1959. pp. 212-214. Ignoring abenrations. optimum 
performance occurs when, i.e., the center of curvature of R2 lies at the focal point of the lens so that Ri = 
50 R2. It is, thus, necessary to determine the cd2, the mode radius of an expanding laser beam, whose phase 
front matches the transformed phase front natural to the lens. 

Rber Truncation (FT) 

55 First, is examined a loss source, called herein as the fiber truncation loss, that results from the small 
size of a hemispherical microlens with respect to the width of the mode of the laser. To realize the 
magnitude of this effect, a schematic representation of a typical hemispherical microlens. 91 , at the end of a 
truncated fiber, 92, shown in FIG. 9 is examined. The shape of lens 91 Is almost truly spherical, and it has a 
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radius of curvature of roughly 10 pm. This lens is Idealized In FIG. 10 where hemispherical lens 91 is shown 
at the end of a cylindrical rod 92. 

A plane wave propagating within the cylinder 92 toward the lens, Intersects the lens surface, whereafter 
the rays will both reflect and refract, with angles given by 



10 



dz 
[dp 



(6) 



and 



15 



ei = sin~^ 



02 



(7) 



20 wherein 



z=RL-VRt"P*. 



(8) 



25 



30 



Hi and n2 are the refractive indices of the lens and surrounding materials, e.g. air, respectively and p Is the 
axial coordinate representing the distance from the optical axis to (or of an off-axial position from) a point 
where a ray intersects the lens surface. 

As the distance, p, from the optical axis Is Increased, the_ angle of transmission et. increases, until It 
reaches a maximum of v/2. This occurs when the angle of incidence reaches the critical angle, 



35 



(9) 



For all angles greater than flc. the incident light rays will be totally internally reflected. In three dimensions, p 
= pmax describes a circle about the. optic axis that acts as the boundary of an aperture. All rays that pass 
40 within the circle are accepted by the lens and transmitted; all other rays are rejected. From Eq. 9 and FIG. 
1 0, one obtains for the critical radius, 



45 



Pinix=' 



(10) 



This critical radius tmncates the transmitted beam. Thus for a fiber where m = 1.46 and r\2 = 1.0, less 
than 50 percent of the cross-sectional area of tiie lens can collect and transmit light. The same limiting 
so aperture exists when one tries to couple light from the diverging laser beam into the fiber. The outer portion 
of the lens, beyond the critical limit, lies in the geometric shadow, and therefore cannot accept light from a 
laser. • 

This truncating radius defines the aperture in which all coupling is permitted. The coupling equation (Eq. 
3) Is thus to be evaluated, but with the integral In the numerator extending from p = 0 to p = pmax- 
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r vicpy ^p J" V2(p) ^p<jp 



(11) 



10 



IS 



20 



Setting *, = *2. the coupling efficiency, r,l j. is calculated as a function of lens radius. This result is 
represented in FIG. 11 by the curve labeled FT-Fiber Truncation. Note that since a decreasing lens radius is 
accompanied by a shrinking aperture, at small radii the loss due to fiber truncation is very large. This loss is 
small for relatively large lenses (i.e.. for lenses having a radius greater than about 18 ,.m). but such large 
lenses are incompatible with matching the modes and leads to the next limiting feature of the hemisphencal 
microlenses: mode-mismatch. 

Mode-Mismatch (M) 

A second source of loss results from mode-mismatch and is also strongly dependent on the lens radius. 
Ignoring aberrations, maximum coupling occurs when the center of curvature of the laser wavefiront is 
located at the focal point of the spherical lens, defined by Eq. 5. For a given laser and lens, there is an 
optimum distance of separation, do. For distances less than this optimum, the wave continues to diverge as 
it propaaates; for ail distances greater than do, the rays reconverge, and then diverge. 

Combining Eqs. 4 and 5 and setting R, =R2. one finds that «2 and the lens radius, Rt. are related by 



25 



RL=(ni-i^) 



(02 



-I 



-1/2 



(12) 



Using this expression to find the wave function, *2. of the expanded laser mode, one can solve Eq. 3 
30 numerically as a function of lens radius. This source of loss is represented in FIG. 11 by the cun^e l^e^sd 
M-Mode-Mlsmatch. There is an optimum lens radius, Ru = Ro, at which the two modes match perfectly, 
and the loss Is zero. For = 1. the optimum lens radius Ro = 6.25,m. However, for R * Ro. the two wave 
functions do not match and the loss Increases rapidly. The mode-mismatch increases with focal distance 
which, in tum, increases with lens radius <Eq. 5). and for the large lens radius (if one would like to avoid 
3S Fiber Truncation) this loss becomes prohibitive. 

Spherical Aben^tion (A) 

It is seen that significant tosses are associated with both the fiber tnincation and mode-mismatch. A 
40 third source of loss to consider is spherical aben^on. It is well known that a principal limiting feaUire of 
spherical lenses is spherical aberratfon. See M. Bom and E. Wolf, supra and E. Hecht. Optics, 2- Edition 
(Addison-Wesley; Reading, Massachusetts, 1987), pp. 221-223. 

Spherical aberration is the degree to which a converging (or diverging) phase front is non-sphencal. All 
spherically shaped lenses suffer from spherical aberration, particulariy those whose rays pass far from the 
45 optic axis. This aberration results from the variation in optical path lengths from the focal point to a given 
planar wave front. Inclusion in the integral of Eq. 3 of an aberration factor F = e'^'^-^, where P is a phase 
error term, permits evaluation of the magnitude of the effect of spherical aberration on hemispherical 

"^'^ fITSo rays, one axial and one off-axis, propagating within the fiber toward the lens, as shown in FIG. 
so 12. the phase error. P. can be calculated numerically as a function of an off-axial position, p, by combining 
the appropriate optical path lengths. 



P=n2L-(niZ+n2f) 



(13) 



55 



where 
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5 where z - z(p) is the axiai coordinate of the lens contour (Eq. 8) and f Is paraxial focal length. 
With spherical abenBtlon Included, Eq. 3 becomes 

.2, ir"'vt(P)e^^V2(P)pdpP 

""'7^ I — :; — • (15) 

j Vi(p) ^pdp- V2(P) ^pdp 



75 



20 



25 



This equation, evaluated as a function of lens radius. Is represented In FIG. 11, by the curve labeled A- 
Spherical Aberration. Note that the Integrals extend only to p^au as defined above in the section on Rber 
Truncation, since only the rays that actually Intersect tiie lens can suffer from tills abenration. 

As can be seen from the A-Spherical Aberration curve, tiie loss due to spherical aberration reaches a 
maximum at Rl = Rm- For radii less tiian R„„ power Is lost by the truncation effect. For larger radii, the 
aperture increases, but ttie width of tiie beam stays constant As a result, the beam passes through a 
smaller cross-section of tfie lens, restricted about the axis, where spherical aberration goes to zero. The 
magnitude of the maximum spherical aberration loss for these parameters Is about 0.3 dB. 

Fresnel Reflections (R) 

Another source of loss results from the Fresnel reflections at the lens surface. To calculate tiie effect of 
reflections on the coupling of two modes, a modified transmission coefficient of tiie lens is included as a 
factor in tiie coupling equation (Eq. 3). This lens coefficient can be approximated by the square root of the 
average of the parallel and perpendicular standard transmittivities: 



30 



2 



(16) 
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40 



where 



and 



n2COs6i 



nicosOj 



2njCosei 



nicosei+n2Cos8i 



(17) 



45 



n2Cos9t 



niCosOi 



2njcosei 



nicosei+n2Cos9i 



(18) 



(See M. Bom and E. Wolf, Supra). The angles of incidence and refraction are as given in Eqs. 6 and 7. 
50 Substituting this factor into Eq. 3. we obtain: 



55 



T,^- I J^^" Vl(p)tV2(p)pdpP 

Vi(p) ^Pdp • V2(P) Vdp 

Again note that the integrals extend only to pmax- 



(19) 
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Setting the two wave functions equal. Eq. 19 is solved numerically and the results are represented by 
the curve in FiG. 1 1 labeled R-Reflections. The smallest radius yields the greatest toss since this lens has 
the greatest average angle of Incidence, and therefore, the greatest reflection. As the lens radius increases, 
the curve approaches - -0.15 dB, which is the loss at a planar Interface. 

Total Coupling Efficiency of a Hemispheric Lens 

All of the above effects are now included In a complete coupling efficiency equation 



10 



ir°°V?(P)e^^Tv|/2(p)pdp)P 
r Vi(p) ^P<JP ' J" V2(p) ^pdp 



(20) 
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where P Is the phase factor (Eq. 13) and lis the modified transmission coefficient (Eq. 16). Solving Eq. 20 
for a variety of lens/laser parameters generates a series of universal curves that show the best possible 
performance of hemispherical lenses for laser coupling. One such family of curves is represented in FIG. 13 
by plotting coupling efficiency as a function of lens radius for different ratios of laser to fiber mode radii, and 
an operating wavelength X = 1 .3 /im. 

The significance of these curves becomes evident when looking at typical system parameters, in which 
laser mode radius wo = 1 nm, fiber mode radius <»i = 5 ^tm, and X = 1.3 ^m. For these values the 
maximum coupling efficiency possible with an ideal, circularly symmetric Gaussian laser output is -2.75 dB. 
This value, which agrees well with reported results (e.g. by Q. Wenke and Y. Zhu, supra), demonstrates the 
severe loss penalty paid when using hemispherical microlenses for coupling schemes. 

Derivation of an Ideal Lens and Its Coupling Efficiency 



30 



as 



As shown above, the 2.75 dB coupling loss inherent in hemispherical microlenses results from at least 
the following factors: fiber truncation, mode-mismatch, spherical aberration, and Fresnel reflection. In the 
pursuit of maximum coupling efficiency, it is necessary to remove, or at least reduce, these sources of loss. 
Fresnel reflection can be reduced with an appropriate antl-reflectlon (AR) coating. The other three sources 
of loss, namely, spherical aberration, fiber tmncation and mode mismatch, should also be removed so that 
the idealized microlens will have a large numerical aperture to collect all the laser radiation, will have a focal 
distance that perfectly matches the laser and fiber modes and should be free of spherical aberration. 

The ideal lens shape is derived by first eliminating spherical aben^ation. An aberration-free lens has all 
rays converging at the focus in phase; that is, all optical path lengths from a given wave firont to the focus 
are equal. Setting the phase error to zero we obtain 



40 



n2L = n2f+niz 



(21) 



45 



where L is given by Eq. 14. Equations 14 and 21 can be reduced to yield 



-2 ^ k2 - * • 



(22) 



50 



wherein 
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n2 
ni4fi2_ 



(23) 



and 
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^ ^. (24) 

5 

TTius, the ideal lens shape depends on the relative values of the two refractive Indexes. For n2>ni , Eqs. 22- 
24 describe an ellipse. However, in a laser to fiber coupling scheme, the index of the lens medium, ni , is 
greater than that of the surrounding material, na,; therefore a hyperbola is the ideal lens shape to eliminate 
spherical aberration. 

10 While the greatest benefits will be obtained when the shape of the microlens comprises a hyperboloid 
of revolution, clearly, results which are less than optimal but still beneficial can be obtained with shapes 
which are only substantially a hyperboloid of revolution. The shape of the microlens is said to be 
substantially a hyperboloid of revolution when the shape satisfies equations 22,23 and 24, with a and b 
varying from the values given in those equations by an amount which still permits substantial removal of 

75 light coupling losses, as defined in this application, arising from at least fiber truncation, mode mismatch 
and spherical abenration. 

Having derived the shape of the Ideal microlens, one can calculate its expected performance. The lens 
shape is shown in FIG. 3 along with its hyperbolic asymptotes and two rays^ Unlike the hemispherical 
microlens. the hypertDoiic microlens will not suffer fiber truncation loss. Unlike the hemispherical lens 
20 surface, the entire surface of the hyperbolic lens is accessible from the focal point. The hyperbolic lens, 
however, does have an acceptance cone; for a sufficiently divergent source, some rays that leave the focus 
will not intersect the lens at all. The acceptance cone Is traced out by the hyperbolic asymptotes and is 
given by 



25 

e. = tan"k-). (25) 
a 

Using ni = 1.45, na = 1.0, ao-^p^\ and «)i =5/tm In Eqs. 2,23,24 and 25, one obtains 6a 43*. A 
30 X=1.3Mm laser source would need to have a mode radius. (jo<0.55 /tm in order to have noticeable loss due 
to the non-intersected radiation. (See H. Kogelnik and T. Li, supra). Although there also exists an 
acceptance cone with the hyperbolic lens, it is so large as to not be a factor for most semiconductor light 
sources. 

Rnally. it is investigated if the hyperbolic microlens can perfectly match the modes of the laser and 
35 fiber. As seen in Eqs. 21 and 22. both a and b depend linearly on the classical focal distance, f. As a result, 
the focal distance depends solely on the scale of the lens. Coupling to a laser, the focal distance depends 
on cuo. wi. and X, and is obtained by solving Eq. 4 with R2 = f. Thus the scale of the lens can be adjusted 
to fully eliminate mode-mismatch. 

The only remaining loss to consider is reflection, which can of course be removed with an anti-reflection 
40 coating. However, for the case of a non-coated lens, one can calculate coupling efficiency Including 
reflection losses, in a manner similar to that used with the hemispherical microlens. one can solve 

„2 I r Vi(P)ty2(P)pdpl ^ 

45 n " -7;;^ — ' 7;: » (26) 

J" Vi(p) ^Pdp- J** V2(P) ^Pdp 



where Us the transmission coefficient given in Eqs. 16-18. The angles of reflection and refraction are as 
50 given in Eqs. 6 and 7, with 2 describing the hyperiDolic geometry (Eq. 20). The integrals in Eq. 26 extend 

from zero to infinity since there is now no fiber truncation effect. The coupling loss for a non-coated 

hyperbolic microlens is shown in FIG. 4 as a function of the laser mode, cdo. For, typically, laser mode 

radius oio = 1.0 /im, fiber mode radius <a^ =5/im and operating wavelength \ = 1.3 ftm, a coupling loss is 

indicated as being about 0.22 dB.. 
55 While particular embodiments of the present invention have been shown and described, it will be 

obvious to those skilled in tiie art that various changes and modifications may be made without departing 

from tiie invention in its broader aspects. 
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Claims 

1. An optical communication package comprising an optical device, an optical fiber (2) and a microlens (1) 
for improving coupling of optical power between the optical fiber and the optical device, CHARAC- 
TERISED IN THAT said microlens lies within the boundaries of the fiber and has a contour shape 
selected so that light coupling losses arising from at least fiber truncation, . mode mismatch and 
spherical aberration are substantially removed, the contour shape of said microlens being substantially 
a hyperboloid of revolution. 

2. The package of claim 1 . CHARACTERISED IN THAT said microlens comprises a convex end portion of 
the optical fiber. 

3. The package of claim 2. CHARACTERISED IN THAT tiie optical fiber comprises a core (3) and a 
cladding (4) and in that substantially the entire core portion of the convex end portion of the fiber 
comprises substantially tiie hyperboloid of revolution. 

4. The package of claim 3. CHARACTERISED IN THAT at least a part of the cladding portion of the 
convex end portion of the fiber comprises substantially a portion of tiie hyperboloid of revolution. 

5. The package of claim 1. CHARACTERISED IN THAT tiie removal results in coupling efficiency 
exceeding 70 percent or to about 90 percent of ttie optical power being coupled. 

6. The package of claim 1. CHARACTERISED IN THAT tiie removal of coupling losses furttier includes 
provision of an anti-reflection coating on tiie microlens to substantially remove Fresnel reflections of the 
microlens. 

7. The package of claim 1. CHARACTERISED IN THAT said optical device is selected from the group of 
optical devices comprising lasers, semiconductor amplifiers, optical fiber amplifiers and pump sources 
for fiber amplifiers. 

8. The package of claim 1. CHARACTERISED IN THAT the wavelengtii, X. of tiie optical power to be 
coupled is within a range of from 0.8 to 1.6 tim, or substantially equal to 1.3 ^m. 

9. The package of any one preceding claim. CHARACTERISED IN THAT said substantially hyperboloid of 
revolution Is described by the following expression: 




wherein z is a lens axial coordinate. ni and n2 are each the index of refraction of tiie material of the 
lens and of the medium surrounding the lens, respectively, p is the axial coordinate and .f is tiie focal 
distance of this lens and defined by ttie following expression: 

wherein «o is a mode radius of the optical device, «, is a mode radius of the optical fiber and x is a 
wavelength of tiie optical power being coupled. 

10. The package of claim 9. CHARACTERISED IN THAT said mode radius <oo of ttie optical device is 
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substantially equal to 1 fim, and said mode radius «i of the optical fiber is substantially equal to 5pm, 
and/or the operating wavelength X of the light energy being coupled is substantially equal to 1,3pm, and 
the focal length of the microlens Is - 12 pm. 

11. A process of coupling optical power with an optical fiber, which comprises improving coupling of the 
optical power by means of a microlens which lies within the boundaries of the optical fiber, CHARAC- 
TERISED BY selecting a contour shape of the microlens so as to substantially remove light coupling 
losses arising from at least fiber tmncation, mode mismatch and spherical aben-ation, the contour shape 
of said microlens being substantially a hyperbolold of revolution. 

12. The coupling process of claim 11, CHARACTERISED IN THAT said microlens comprises a convex end 
portion of the optical fiber, and In that substantially the entire core portion of the convex end portion of 
the fiber comprises substantially the hyperbolold of revolution. 

13. The coupling process of claim 12. CHARACTERISED IN THAT at least a part of the cladding portion of 
the convex end portion of the fiber comprises substantially a portion of the hyperbolold of revolution. 

14. The coupling process of claim 11, CHARACTERISED IN THAT said removal results in coupling 
efficiency exceeding 70 percent or. up to about 90 percent of the optical power being coupled. 

15. The coupling process of claim 11, CHARACTERISED IN THAT said removal of coupling losses further 
includes provision of an anti-reflection coating on tfie microlens to substantially remove Fresnel 
reflection of the microlens. 

16. The coupling process of claim 11. CHARACTERISED IN THAT tiie wavelengtii. X, of tiie optical power 
being coupled is within a range of from 0.8 to 1.6 pm, or substantially equal to 1.3 pm. 

17. The coupling process of claim 11. CHARACTERISED IN THAT said coupling is effected between the 
optical fiber and an optical device selected from lasers, semiconductor amplifiers, optical fiber 
amplifiers and pump sources for fiber amplifiers. 

18. The coupling process of any one of claims 11 to 17, CHARACTERISED IN THAT said substanti*ally 
hyperbolold of revolution is described by tiie following expression: 





;ni+n,)'] 








^ 1 








n,+n2 



wherein 2 is a lens axial coordinate, ni and n2 are each the index of refraction of the material of the 
lens and of the medium surrounding the lens, respectively, p is the axial coordinate and f is the focal 
, distance of this lens defined by tiie following expression: . 



fa-,- . . 

wherein cdo is a mode radius of the optical device, is a mode radius of tiie optical fiber and X is a 
wavelength of the optical power being coupled. 

19. The coupling process of claim 18. CHAfUCTERISED IN THAT said mode radius mo of tiie optical 
device is substantially equal to 1 pm, and said mode radius «i of the optical fiber is substantially equal 
to 5 pm, and/or the operating wavelength X of tiie light energy being coupled is substantially equal to 
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1.3 Atm, and the focal length of the microlens is substantially equal to « 12/tni. 

20. A process for fabricating an optical fiber nnlcrolens capable of Improved light power coupling efficiency, 
CHARACTERISED IN THAT the process comprises 

a) selecting a contour shape of a microlens suitable for coupling light power of a certain operating 
wavelength, X, between an optical device with a mode radius <ao and an optical fiber with a mode 
radius wi , said contour shape being selected so as to substantially remove light coupling losses 
arising at least from fiber truncation, mode-mismatch, and spherical abenration. and 

b) shaping an end portion of an optical fiber into a convex shaped form having said contour shape, 
the contour of the said convex end portion of the fiber being substantially a hyperboloid of 
revolution. 

21. The fabricating process of claim 20. CHARACTERISED IN THAT the optical fiber comprises a core and 
a cladding. In that substantially the entire core portion of the convex end portion of the fiber comprises 
substantially the hyperboloid of revolution, and/or at least part of the cladding portion of the convex end 
portion of the fiber comprises substantially a portion of the hyperboloid of revolution. 

22. The fabricating process of claim 20 CHARACTERISED IN THAT said removal results in coupling 
efficiency exceeding 70 percent or up to about 90 percent of tiie optical power being coupled. 

23. The fabricating process of claim 20, CHARACTERISED IN THAT said removal of coupling losses 
further includes provision of an anti-reflection coating on the microlens to substantially remove Fresnel 
reflections of the microlens. 

24. The fabricating process of claim 20, CHARACTERISED IN THAT said optical device is selected from 
the group of optical devices comprising lasers, semiconductor amplifiers, optical fiber amplifiers and 
pump sources for fiber amplifiers. 

25. The fabricating process of claim 20, CHARACTERISED IN THAT the wavelength, X, of tiie optical 
power being coupled is within a range of from 0.8 to 1.6 ^m, or substantially equal to 1.3 urn, 

26. The fabricating process of claim 20, CHARACTERISED IN THAT said substantially hyperboloid of 
revolution Is described by the following expression: 









z+ 


f 









2 





a 




n,+ni 




ni+ni 



wherein z is a lens axial coordinate, ni and ng are each the index of refraction of the material of the 
lens and of the medium surrounding the lens, respectively, p is the axial coordinate and f is the focal 
distance of this lens defined by tiie following expression: 

wherein <oq is a mode radius of the optical device, q)i is a mode radius of the optical fiber and X Is a 
wavelength of tiie. optical power being coupled. 

27. The fabricating process of claim 26. CHARACTERISED IN THAT said mode radius «o of the optical 
device is substantially equal to 1 fim, and said mode radius wi of the optical fiber is substantially equal 
to 5 /xm, and/or the operating wavelength X of the light energy being coupled is substantially equal to 
1.3 fim, and the focal length of the microlens is substantially equal to « 12 /tm. 
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2a The fabricating process of claim 20, CHARACTERISED IN THAT said shaping of the miaolens is 
conducted by laser micromachining the end portion of said optical fiber, said shaping being effected by 
ablating the material of the end portion of the optical fiber by means of a laser beam, 

5 29. The fabricating process of claim 28. CHARACTERISED IN THAT said laser micromachining is 
conducted by means of a pulsating laser beam with an angle of incidence on the said end portion 
being 0<8<90". 
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FIG.3 
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FIG.7 
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FIG.ll 
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